Coronin is an actin-binding protein in Dictyostelium discoideum that is enriched at the leading edge of the cells and in projections of the cell surface called crowns. The polypeptide sequence of coronin is distinguished by its similarities to the B-subunits of trimeric G proteins (E. L. de Hostos, B. Bradtke, E Lottspeich, R. Guggenheim, and G. Gerisch. 1991.
. To elucidate the in vivo function of coronin, null mutants have been generated by gene replacement. The mutant cells lacking coronin grow and migrate more slowly than wild-type cells. When these cor-cells grow in liquid medium they become multinucleate, indicating a role of coronin in cytokinesis. To explore this role, coronin has been localized in mitotic wild-type cells by immunofluorescence labeling. During separation of the daughter cells, coronin is strongly accumulated at their distal portions including the leading edges. This contrasts with the localization of myosin II in the cleavage furrow and suggests that coronin functions independently of the conventional myosin in facilitating cytokinesis.
variety of proteins that interact with actin have been shown in vitro to perform functions which are conceivably necessary to make actin play its diverse roles in non-muscle cells: motor proteins, cross-linking factors, severing, capping, and membrane anchoring proteins (Pollard and Cooper, 1986) . Genetic approaches to identify in vivo functions directly have been concentrated on a few eukaryotic organisms or cell types (for reviews see Gerisch et al. 199I, and Noegel and Schleicher, 1991; Cunningham et al., 1991 Cunningham et al., , 1992 . One of the organisms investigated is Dictyostelium discoideum. In this microorganism the actin system is involved in cell motility, cytokinesis and multicellular development (for reviews see Devreotes and Zigmond, 1988; Schleicher and Noegel, 1992) .
Dictyostelium mutants that are defective in the production of myosin II heavy chains have shown that the interaction of myosin II with actin plays a role in cytokinesis, ameboid locomotion, intraceUular particle movement, and in the capping of cell-surface proteins (Knecht and Loomis, 1987; De Lozanne and Spudich, 1987; Wessels et ai., 1988; Manstein et al., 1989; Fukui et al., 1990; Wessels and Soil, 1990; Jay and Elson, 1992) . Furthermore, the fact that motility and chemotactic orientation is reduced but not abolished in the myosin H-defective ceils has established the importance of other proteins, probably members of the myosin I family ffims et al., 1989; Jung and Hammer, 1990 ).
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Efforts to correlate the in vitro effects of actin-binding proteins with their roles in vivo have not always led to such straightforward results, however. Examples that emphasize these difficulties are three other cytoskeletal proteins in Dictyostelium that either cross-link or sever actin filaments. In vitro, oeactinin and the 120-kD gelation factor are the most active cross-linking proteins as revealed by viscometry. Their elimination, however, has resulted only in weak (Wallraff et al., 1986; Brink et al., 1990) or moderate (Cox et al., 1992) changes of cell behavior, and all mutants lacking one of these proteins proceed in multicellular development up to the final stage of fruiting body formation. In part, this appears to be due to an overlap in function of the two cross-linking proteins: double mutants that lack both of them move and chemotax but exhibit difficulties in developing beyond the aggregation stage (Witke et al., 1992) . A third actin-binding protein eliminated in Dictyostelium is severin, a homolog of vertebrate gelsolin. Although, in the presence of Ca 2+, severin is the most active actin fragmenting protein in Dictyostelium as judged by in vitro assays, its elimination causes no substantial alterations of cell behavior and development (Andr6 et al., 1989) .
These findings showing that proteins with strong activities in vitro may be eliminated without severe consequences to the cells, have prompted us to search for new actin-binding proteins independently of their activities in vitro. The goal has been to identify those proteins still present in the a-actinin, ABPI20 and severin defective mutants that enable the ceils to regulate chemotaxis and to perform other actinbased activities. One approach has been to characterize pro-teins that coprecipitate with reconstituted actin-myosin complexes. One of these proteins, coronin, turned out to be of particular interest because of its sequence relationships to the/3-subunits of trimeric G proteins, and because of its localization to crown-shaped surface extensions and to the leading edges of moving cells (de Hostos et al., 199D. In the present paper we show by gene replacement that coronin has important functions in cell motility and cytokinesis.
Materials and Methods

Strains
The axenic AX2-214 strain of D. dtscotdeum is referred to as wild type. The lOcus encoding coronin has been designated as cor, and mutants lacking coronin are referred to as cot-. Four comnin mutant strains have been characterized and designated as HG1568, HG1569, HG1570, and HG1571.
Culture Conditions
Cells were cultivated at 23~ under various conditions. The cells were grown axenically in nutrient medium (Ashworth and Watts, 1970) as specified by Claviez et ai. (1982) either in suspension, or on the bottom of a plastic culture dish overlaid with medium. For some experiments ceils were grown on coverslips placed on the bottom of the dish. For growth on bacteria cells were cultivated on SM nutrient agar plates in lawns of K/ebstella aerogenes.
Corontn Gene Replacement
The gene replacement strategy was based on that of Maustein ct al. 0989). The construct consisted of three frasments, corA and corB, derived from coronin eDNAs, and a G418 r cassette conferring resistance to the antibiotic G418 (see Fig. 1 ). CorA was derived from a eDNA fragment encoding the amino-terminal two-thirds of coronin cloned into pUCI9. The fragment was modified by destroyin 8 its unique Pstl restriction site and was then used as a subatrate for the amplification of corA by polymernse chain reaction (PCR) l using primers which incorporated unique SphI (primer A5') and XbaI (A3') sites into the amplified product, CurB, a fragment encoding the carboxy-terminal one-third of comnin, was derived by PCR from a fulllength coronin eDNA originally derived by PCR from a k-gtll phage (de Hostos nt aL, 1991) . The primers used incorporated unique XbaI (155') and Sad (B3~ sites into the amplified product. The oligonnclentide primers used had the following sequences: A5':5'gcUgcatgc4~~83'; AY:5' ~gg3'; B5':5'c8 gtcY; B3': 5'taccgngctcgagttctttgattttggc3'. The O418 r cassette was isolated as an XbaI-XbaI fragment, subcloned from the vector pDNeoH (Witl~ et el., 1987) . The cassette consists of the neomycin-phosphntransfernse gene from Tn903 cloned between the promotet and terminator sequences of the Dictyostdium actin-15 gane (Knecht ct at., 1986) .
The gane replacement construct was assembled in two steps. First, corA digested with SphI and Xbal, corB digested with SacI and XbaI, and vector digested with SphI and SacI were lia,~_ted and introduced into Escherichia coli JMi05. Finally, the corA-corB plasmid was digested with XbaI and ligated with the XbaI-Xbal G418 r fragment and cloned. The orientation of the antibiotic resistance cassette relative to the coronin sequences was not determined in the final construct. A large-scale preparation of the gane replacement construct was carried out using a Qulagen column (Diagen, D0sseldorf. Germany).
For transformation, 15/~8 of the plasmid carrying the gane replacement construct were digested with SphI and SacI, dephosphorylated using calf intestinal pbosphatese at 57~ precipitated, and resnspended in 10/A electroporatiou buffer (50 mM sucrose, 10 nLM K-phosphate, pH 6.1, sterilized by filtration).
1. Abbreviaffons used in this paper: PB, Na/K-phosphate buffer; PCR, polymerase chain reaction.
For electroporation, AX2 cells were grown axenically in suspension culture to a density of 2-3 x 10 ~ cells/ml and then chilled on ice and washed in ice-cold 17 mM Na/K-phosphate buffer, pH 6.0 (PB). The cells were then washed once more and resuspended in electroporatiou buffer at a concentration of 1 x 10 s cells/mi. DNA was mixed with 500/~t of cell suspension and the mixture was transferred to a chilled cuvette (2-ram gap) and electroporated with the Bio-Rad Gene Pulser set at 1 kV and 3/zF, without the pulse controller.
After potation the cells were transferred to a culture dish and incubated at room temperature for 10 min. Then 100 raM CaCI2 and MgC12 were added to a final concentration of 1 mM each and the cells were shaken gently for 15 win at 23 ~ The cells were resuspended in 100 ml of medium and distributed into five culture plates. The plates were incubated 24 h before changing the medium and adding 6 t~g/ml of G418 (Geneticin; Sigma Chemical Co., St. Louis, MO). The O418 concentration was increased to 10 and finally to 12.5 ~g/ml over the following 3 d. Colonies were picked with a pipetter and transferred to culture dishes for subeloning. Except in experiments to test for reversion, 1% penicillin/streptomycin antibiotic stock solution for tissue culture (Gibeo-BRL, Gaithersburg, MD) and G418 were added to axenic cultures of transformants.
Antibody Blots
Total cellular proteins were resolved by SDS-PAGE in 13% gels (Laemmli, 1970) , transferred to nitrocellulose in a semi-dry blotting device and then incubated with a mixture of culture supernetants from hybridoma cell lines 176-3-6 and 176-2-5 obtained as described by de Hostos et al. (1991) . After incubation with phospbatase, c.onjugated goat-anti-mouse antibody (Dienova, Hamburg, Germany) the blots were developed using 5-bromo-4-chloro-3-indolylphosphate (Sigma Chemical Co.) as a substrate and nitro blue tetrazolium (Sigma Chemical Co.) as an enhancer in buffer containing 100 mM SAC1, 5 mM MgCI2, 100 mM Tris-C1, pH 9.5 (Harlow and Lane, 1988) .
Colony blots were prepanxl as described (Wallraff et aL, 1986) . After staining with Fonceau S (Sigma Chemical Co.) the blots were placed in boiling SDS-PAGE running buffer for one rain to denature the proteins and render any coronin present detectable by the antibody. The blots were incubated with radioiodinated mAb 176-3-6.
Fluorescence Microscopy
For synchronization of cell division, cells were washed in PB at the end of the log phase (,~7 x 10 ~ cells/ml), resuspended at a concentration of ,~ 2 x 106 cells/ml, and shaken at 4"C for 12-24 h. Drops were placed on acidcleaned glass coverslips in a culture dish. After allowing the cells to settle down for 15 rain the plates were filled with nutrient medium and incubated at 230C. The cells were fixed when signs of mitotic activity were observed, usually after 4 h in medium.
Unless otherwise indicated, the cells for fluorescence microscopy were fixed with picric acid/paraformaldehyde, labeled, and mounted as described (Bomblies et al., 1990; de Hostos et al., 1991) . Coronin was localized using mAb 176-3-6 (de Hostos et aL, 1991) . The mAb was labeled with FITC and TRITC-labeled goat anti-mouse antibodies (Jackson Immunoresearch, West Grove, PA). F-actin was labeled with TRITC-phalloidin (Sigma Chemical Co.). For the labeling of myosin (see Fig. 8 ) the cells on coverslips were covered by an agar overlay (Fukui et ai., 1987) and then fixed with picric acid/paraformaldehyde. Myosin was labeled with rabbit antibottles agl(mst Dietyostelium myosin H, kindly provided by Dr. J. Spudich (Stanford University, Stanford, CA) (Berlot et al., 1985) , and TRITClabeled goat anti-rabbit antibodies (Cappel Laboratories, Cochranville, PA). FOr the nuclear-count experiment the cells were fixed in absolute methanol (-20~ 15 min), air dried, and then stained 5-10 rain with 0.5 ~tg/ml of 4,6-diamino-2-pbenylindote (DAPI; Hoechst) in buffer consisting of 50 mM KH2PO4, 2 M NaCI, 20 mM EDTA, pH 7.4. The cells were washed in buffer without DAPI, rinsed in distilled water, mounted, observed in an Axiophot microscope (Carl Zeiss, Oberkochen, Germany), and photographed on Tri-Xpan film (Eastman Kodak Co., Rochester, NY).
Scanning EM
Cells grown on coverslips were fixed with drops of chilled PB containing freshly added OsO4 and glutaraldehyde to final concentrations of 0.02 and 1%, respectively, and left at room temperature for 30 min. After dehydration through an ethanol series (10 rain each, 30, 50, 80, and 95%), then 100% ethanol (2 x 10 rain) anti finally 100% acetone (2 x 10 rain), the samples were equilibrated in liquid CO2 for 30 rain before critical point drying. The samples coated with gold were viewed with a Jeol JSM 35C scanning electron microscope (JSM 35C; JEOL USA, Peabody, MA).
Chemotaxis
Motility assays and chemotaxis experiments were performed essentially as described by Fisher et al. (1989) . Cells grown in axenic suspension culture to a density of '~5 x 106 cells/ml were washed, resuspended, and shaken in PB at a density of I x 107 cells/mi for 6 h before transfer to a chemotaxis chamber in which a stable cAMP gradient could be established. The movements of the cells were observed using a Zeiss Axiomat inverted microscope equipped with a video camera (TV-11-35 High Resolution Camera, VTE Digitalvideo, Herrsching, Germany), and analyzed by a PC containing a 486 CPU, that hosted an image processing system (Imaging Technologies Inc., Woburn, MA).
The chemotaxis chamber was first perfused with PB for 1 h and the movements of the cells were recorded during the second half-hour period (PB without cAMP gradient). Then a cAMP gradient was established for half an hour (25 nM/mm, midpoint 25 nM) and cell movements were recorded during the next half-hour period, by which time a stable, linear gradient was established.
Images were recorded every 45 s and by digital analysis the following parameters were calculated (Fisher et al., 1981; Fisher et al., 1983; Segall et al., 1987) : speed (3tin/rain), turning rate (radians2/min), and kappa (r), an orientation index. The turning rate ranges from zero, for a straight path, to infinity, for a path in which the direction of any movement step is unrelated to any previous one. r describes the ability of the cells to orient in the cAMP gradient; it ranges from zero, for paths with no orientation, to infinity, for perfectly oriented paths.
Nucleic Acid Hybridization
Genomic DNA prepared as described by Mehdy et al. (1983) was restricted and resolved by electrophoresis through a 0.8% agarose gel. After denaturing the gel was neutralized with 1 M ammonium acetate, and the DNA transferred to nylon membrane (PaLl Biodyne, East Hills, NY) in the same buffer overnight and cross-linked to the membrane on a transilluminator for 90 s. A cDNA probe was labeled by the random priming method (Feinberg and Vogelstein, 1983 ) and hybridized to the filters as described by Mehdy et al. (1983) in buffer containing 45% formamide at 37~
For the preparation of RNA, cells grown in suspension culture were washed with PB, resuspended in a buffer containing 1% ~-mercaptoethanol, 10% sucrose, 10 mM Mg-acetate, 10 mM NaCl, and 10 mM Hepns, pH 7.5, and lysed by the addition of NP-40 to a final concentration of 2%. The lysate was cleared by centrifugation and the supernatant was mixed with an equal volume ofS0 mM Tris-HC1, pH 7.5, containing 2% SDS. After extractions with phenol and chloroform/isoamyl alcohol RNA was precipitated successively with isopropanol and NaC1, 8 M LiC1, and finally with ethanol and Na-acetate. The RNA was resolved by electrophoresis in 1.2% agarose gels containing formaldehyde, transferred to nylon membrane and crosslinked. The blots were hybridized as described by Mehdy et al. (1983) in buffer containing 55% formamide at 37~
Results
Generation of Coronin Mutants by Gene Replacement
Dictyostelium cells were transformed with a linear construct (Fig. 1 ) designed for gene replacement mutagenesis (Manstein et ai., 1989; Jung and Hammer, 1990; Cox et al., 1992) . Colonies began to appear after a week in axenic medium containing (3418, and 40 of them were picked at random and subcloned. Microscopic examination showed that the cells in at least ten of the clones had an unusual appearance (Fig. 2) . Many cells were large and had irregular shapes with many fronts and numerous vacuoles. In these clones cells of normal size were also present but they seemed to be less well spread and thus more compact in their appearance on a plastic surface. The large cells were multinucleate, as shown by staining with DAPI (Fig. 2) . Examination by immunofluorescence microscopy of some of the clones containing large cells showed no labeling of coronin (Fig. 3, a and  b) . Thus the tendency to form large cells was accompanied by the absence of the coronin antigen.
Based on their appearance and putative cor-phenotype, four independent transformant clones (strains HG1568, HG1569, HG1570, and HG1571) were chosen for further characterization, A Western blot of total cellular proteins from subcultures of these four strains was incubated with a mixture of two rnAbs directed against coronin. No antigen was detectable among the proteins from strains HG1569, HG1570, or HG1571 after axenic growth in medium with or without G418 (Fig. 4 a; for the results on strain HG1568 see next section). When inoculated on a lawn of bacteria, strains HG1569, HG1570, and HG1571 grew at a rate considerably slower than that of the wild-type strain. After two days of growth they had approximately one-half the diameter of the AX2 colonies. However, unlike cells lacking the myosin II heavy chain which are also slow-growing, cells from the corstrains formed fruiting bodies and sporulated. The cotcells had a wild-type appearance during growth on bacteria, but when transferred to axenic medium in plastic dishes they regained their large size. In axenic suspension culture, the generation time of the coronin mutants was also longer than that of the parent strain. Whereas the doubling time at 23~ was ~8 h in AX2, it was 13 h in the mutants HG1569 and HG1570. Strain HG1571 grew even more slowly with a doubling time of ,~18 h.
In wild-type cells coronin is known to be enriched in extensions of the cell cortex called crowns (de Hostos et al., 1991) . The question was therefore whether coronin is essential for the formation of these structures. Phalloidin labeling revealed a distribution of F-actin in cor-cells similar to that seen in the wild type (Fig. 3, c and d) . In both wild-type and mutant cells F-actin was accumulated at the cell periphery, most strongly at the front and in the crowns. Thus the reduction in growth rate is not related in the cot-mutants to an obvious alteration in the assembly or localization of actin filaments. Viewing by scanning EM confirmed that the cells have the capacity to build crown-shaped extensions in the absence of coronin (Fig. 5) .
Renewed Coronin Expression in an Unstable Mutant Is Accompanied by Reversion to the Wild-type Phenotype
In a Western blot of the lysate from a subculture of the fourth strain analyzed, HG1568, antigen comigrating with wildtype coronin was detectable but in a reduced amount relative to the parent AX2 strain (Fig. 4 a) . The coronin was detectable in HG1568 after growth with or without G418. The following results showed that this mutant is unstable, and coronin production is due to the presence of revertants.
Among the colonies obtained by recloning of the HG1568 strain on a lawn of bacteria, most grew as slowly as those of the other cot-strains, but there were also some colonies or sectors which grew faster. A colony blot incubated with anti-coronin antibody showed that coronin was produced in the faster growing sectors. (Fig. 4, b and c) . Cells isolated from these spots did not regain an unusual appearance after being transferred to axenic medium. Thus in these cells the renewal of coronin expression was accompanied by stable reversion to the wild-type phenotype.
Cor-Mutants Migrate Slowly but Orient in a cAMP Gradient
A quantitative evaluation of motility and chemotactic orientation was undertaken using an image analysis system (Fisher et al., 1989) . The behavior of aggregation-competent cor-and wild-type cells was analyzed in buffer without chemoattractant, and in a stationary gradient of cAMP. Table I shows the speed of migration, turning rate, and the chemotactic orientation index ~. The mutant cells migrated at reduced average velocities of 3 #m/rain in buffer alone and 5/zm/min in the cAMP gradient, which were about half of the wild-type speeds of 7 and 12 #m/rain, respectively. Nevertheless, in the cAMP gradient the cot'-cells performed chemotaxis with a moderately reduced precision comparable to the AX2 strain. These results show that the migration of cells lacking coronin was slow but still effectively oriented.
A characteristic feature of cot-cell behavior is the narrow range of velocities of migration. AX2 cells (Fig. 6 a) had a typical broad distribution of velocities, whereas the HG1569 cells (Fig. 6 b) showed a sharp upper limit of speed. This means that virtually no cells migrated considerably faster than the bulk of the population. The inserts illustrate the differences in cor-and wild-type behavior. The exampies show tracks from ceils in buffer (left) and in a cAMP gradient (right).
Cor-Cells A r e Defective in Cytokinesis
The multinucleate phenotype of the cor-cells grown in axenic culture resembles that of myosin II-defective cells, Motility parameters are as defined in Fisher at al. (1989) . r, is unitless chemotactic index, n, is the number of independent experiments. In each experiment the movements of at least 100 cells were recorded. Average correpresents the average for the three cor-strains investigated. The standard errors are shown in parentheses. The mean r values in the no cAMP controls appear significantly positive because in each experiment there is a small statistically insignificant bias in some random direction that differs in each experiment. The mean r over many such experiments is artifically greater than zero because it does not reflect the fact that the individual values refer to orientation in a different direction in each experiment. In the measurements with a cAMP gradient the mean direction was close to 0, the direction towards the cAMP source as reported previously for wild-type cells (Fisher et al., 1989) .
mon origin. These examples were chosen on the basis of their average speed, which was closest to the mean value obtained in several experiments for the respective strains. The cells had been placed into a chemotaxis chamber at the aggregation-competent stage after 6 h of starvation.
which are unable to form a cleavage furrow and to carry-out appropriate cytokinesis (Knecht and Loomis, 1987; De Lozanne and Spudich, 1987 (Fukui et al., 1990) . In order to examine whether division of c o t cells is also facilitated by traction-mediated fission, the numbers of nuclei in cells grown in suspension or attached to a glass surface were compared. Ceils grown in suspension culture were transferred onto glass coverslips submerged in the same medium. The distribution of multinucleate cells was determined by DAPI staining immediately and two days after the transfer. While in the suspension cultures of c o r strains cells with seven or more nuclei contained 10% of the total number of nuclei, after two days on the glass surface such cells harbored 45 % of the nuclei (Fig.  7 a) . In the wild type the proportion of multinucleate cells increased slightly during growth on glass, but after two days still over 92 % of the nuclei were harbored in cells with one or two nuclei and no cells were observed with more than seven nuclei. These results show that in c o t mutants, attachment of cells to a surface during axenic growth does not favor cell division, which differs from the behavior of myosin II mutants. 
Localization o f C o w n i n in Dividing A X 2 Cells
The inefficiency of cytokinesis in c o r cells prompted us to investigate the localization of coronin in dividing wild-type cells. AX2 cells were synchronized on glass coverslips submerged in medium, fixed and labeled with anti-coronin antibodies (Fig. 8, middle) . As a second label either phalloidin, DAPI or anti-myosin antibodies were employed (Fig. 8,   right ). Cells at an early stage of cytokinesis showed a figureeight staining pattern with both phalloidin and anti-coronin antibodies (Fig. 8 a) . Both labels were concentrated in the cell cortex of the two emerging daughter cells. This pattern was similar to the phalloidin-labeling pattern that has been reported for cells dividing under pressure applied by an agar overlay (Fukui et al., 1987; Fukui and Inoud, 1991) , except that the cleavage furrow was not clearly labeled with phalloidin under our conditions. At later stages of cytokinesis both F-actin and coronin labeling was concentrated at the front of the daughter cells (Fig. 8, b and c) . Thus the peripheral coronin-containing cortical rings of F-actin ~s seen in Fig. 8 a seem to be converted into the cortical network at the anterior edges of the daughter cells in the course of cytokinesis.
The cell shown in Fig. 8 d was double labeled with anticoronin and anti-myosin antibodies after fixation under an agar overlay. As in Fig. 8, b and c the coronin label is seen to be concentrated at the front of the emerging daughter cells. The cleavage furrow is clearly recognized by an hourglass shaped accumulation of myosin. This contractile ring is almost free of coronin label. 
Characterization of the Mutants at the DNA Level
DNA was isolated from the four mutant strains and analyzed by Southern blotting and hybridization to a coronin eDNA probe (Fig. 9, top) . A blot of genomic DNA restricted with HincII showed that in the strains HG1569 and HG1570 the two fragments of 4.1 and 3.2 kbp recognized in wild-type DNA were replaced by a single band of'~10 kbp. This is the size of a fusion between the two wild-type HincII fragments and the antibiotic resistance cassette, the product predicted from the replacement of the native coronin gene with a single engineered construct that lacks a HincII site.
DNA from HG1568 showed a different pattern, in which the smaller fragment was slightly bigger than the 3.2-kbp fragment of the native gene and the larger fragment was longer than the 10-kbp replacement fragment lacking the HincII site. The hybridization pattern of DNA from strain HG1571 showed a single band, but one corresponding to a considerably larger restriction fragment than in any of the other strains.
The results can be interpreted in terms of a clean gene replacement in the case of the HG1569 and HG1570 strains. The hybridization pattern to strain HG1571 DNA was also consistent with the elimination of the native gene by an engineered transforming fragment but through a different recombination event as that experienced by the HG1569 and HG1570 transformants. The larger size of the hybridizing fragment and the greater intensity of the hybridization signal suggests that in HG1571 the replacement of the native gene was accompanied by the integration of multiple copies of the transforming fragment at the eoronin locus. The difference observed at the DNA level between this strain and the other two gene replacement mutants may be causally related to its even slower growth rate in axenic suspension culture.
The hybridization pattern to DNA from strain HG1568 can not be explained in terms of gene conversion but possibly as a recombination event leading to the insertion of the engineered copy in tandem into the native copy of the coronin gene. Such a recombination event could permit the restoration of the coronin gene and the observed reversion of the phenotype by deletion of the inserted exogenous copy. The finding that this event takes place even under antibiotic selection could be explained if an additional copy of the antibiotic resistance cassette was inserted elsewhere in the genome, or if revertant nuclei capable of directing the synthesis of coronin could survive as heterokaryons in cells containing cor-/ G418 r nuclei. These possibilities remain to be investigated.
Coronin Transcripts in the Mutant Strains
Northern blots of RNA isolated from the wild-type cells showed a major transcript and a larger minor transcript (Fig.  9, bottom) . All four mutants expressed a truncated coronin transcript at a lower level than that of the major wild-type transcript. In the RNA of strains HG1569 and HG1570 only this truncated transcript was observed. In the RNA from strains HG1568 and HG1571 additional larger transcripts were detectable. They differed in size from each other and also from the minor transcript in AX2 RNA.
The expression of a truncated transcript in the mutants is consistent with the disruption of the cot-locus as indicated by Southern hybridization. The truncated transcript is probably the product of transcription starting in the native coronin promoter and terminating in the actin regulatory sequences of the antibiotic resistance cassette. This transcript may be unstable and thus detectable only at a low level. The nature of the minor larger transcript detectable in the wildtype RNA has not been determined. Surprisingly, in the HG1568 strain no coronin transcript of normal length was detectable although it consists of a mixed population of mutant and revertants that produce coronin. It is possible that the aberrant long transcript detected in the RNA from this strain is capable of directing the synthesis of coronin.
Discussion
Phenotypic Changes in Coronin Null Mutants
Elimination by gene replacement of the actin-binding protein coronin has resulted in the following easily recognizable phenotypic changes in the AX2 strain olD. discoideum. The mutant cells grow more slowly than the parent strain in bacterial lawns on agar plates as well as in axenic suspension culture in liquid medium. The cells exhibit a deficiency in cytokinesis when growing axenically and they become multinucleate, giving rise to cytoplasmic masses containing sometimes more than 30 nuclei. A causal relationship between lack of coronin and these phenotypic changes is indicated by parallel changes in independent transformants, and de Hostos et al. Dictyostelium Coronin Mutants is confirmed by revertants obtained in an unstable transformant. In this transformant, reappearance of coronin is associated with recovery of the wild-type phenotype.
The cor-mutants show that coronin is neither essential for actin assembly nor for the normal localization of the actin filaments. The formation of cell-surface extensions called crowns, and multicellular development are also observed in the absence of coronin. While these qualitative data do not exclude a role for coronin in these processes, it is clear that its participation is dispensable under the conditions employed.
Aggregation-competent cells lacking coronin move more slowly than control cells but they are still capable of chemotactic orientation in a cAMP gradient. The chemotactic responsiveness in the absence of coronin is notable because of the sequence relationship of coronin to/3-subunits of G proteins. Because of this relationship a function for coronin in regulating the transmission of signals from chemoattractant receptors via G proteins to the actin skeleton has been suggested (de Hostos et al., 1991) . The moderate reduction in the accuracy of cor-cell orientation in a stable gradient (Table I) would be consistent with a regulatory role ofcoronin in chemotaxis, and this role may become more obvious under less optimal conditions than have been used. The multiple defects observed in cor-mutants indicate, however, that the action of coronin is not specifically linked to chemotactic signal transmission pathways.
Van der Voorn and co-workers (1990) have noted that the repeating sequence motif which is strongly conserved among the G/3-subunits, and which is seen in coronin (de Hostos et al., 1991) , is also present in several other proteins with diverse functions. Among these is the gene product of the CDC4 locus of yeast which has been proposed to be a component of the nuclear skeleton that is required in the triggering of chromosomal duplication at the GltS-phase boundary of the cell cycle (Yochem and Byers, 1987; Choi et al., 1990) . Even if coronin were not involved in signal transduction through G proteins that are coupled to cell-surface receptors, it would remain possible that coronin is linked to Got-like molecules in signaling circuits. For instance, trimeric G proteins have been reported to be involved in the function of the Golgi apparatus (Burgoyne, 1992; Barr et al., 1992) and have thus been implicated in intracellular signaling pathways.
Coronin and Cell Growth
The retardation of growth observed in cor-cells may stem from defects in processes common to cells that take-up bacteria by phagocytosis and liquid nutrients by pinocytosis. Since in both cases the endocytotic vesicles have to pass the cortical actin layer of the cells, it is reasonable to propose that coronin takes part in a process that mediates this passage. Time-lapse movies have shown that in wild-type cells, engulfed bacteria pass the cell cortex slowly before they are carried along with the intracellular particle movement (Gerisch, 1964) . Therefore, passage through the cortical actin network may be a rate-limiting step of nutrient uptake in wild-type cells, or may become rate-limiting in the mutants that lack coronin. One possibility is that coronin is involved in the reorganization of the actin network that enables particles to pass. One may extrapolate that coronin is involved whenever restructuring of the actin system is required for rapid shape changes in the highly motile Dictyostelium cells.
Involvement of Coronin in Cytokinesis
D. discoideum AX2 cells divide well when growing on bacteria, giving rise almost exclusively to mononucleate cells. During axenic growth a portion of cells containing several nuclei is found, indicating that karyokinesis is not always connected with cytokinesis under these conditions. The lack of coronic markedly enhances this tendency. This effect should be interpreted in terms of the accumulation of coronin in the distal portions of dividing cells. The cleavage furrow is almost depleted of coronin in late mitotic ceils. In this furrow myosin II is seen to be enriched when cells are sandwiched between an agar layer and glass (Fukui and Inoud, 1991) , and the myosin is needed for contraction of the ring as indicated by the cytokinesis defect in myosin II null mutants (Fukui et al., 1990) .
The analysis of myosin II-defective cells has revealed that conventional double-headed myosin is essential for cytokinesis of suspended cells. Cells attached to a substratum can irregularly divide in the absence of myosin II by tractionmediated cytofission. In this process the multiple leading edges which exist in the giant myosin H-defective ceils draw pieces of a cell apart from each other, thus giving rise to fragments with irregular numbers of nuclei (Fukui et al., 1990) . Taking together that coronin is accumulated at the leading edges of wild-type cells and that motility is reduced in cor-cells, it is reasonable to propose that coronin plays a role in the generation or transmission of traction by the microfilament system. It may be assumed that impairment of traction disturbs cytokinesis even in myosin H-containing cells, as it is observed in cot-cells attached to a substratum. We can not say which role coronin plays in cytokinesis of suspended cells, but since these cells still divide in the absence of coronin, it is evident that the lack of coronin does not prevent the formation of a cleavage furrow in the way that lack of myosin II does. Structures resembling a cleavage furrow have been found by scanning electron microscopy of mutant cells grown on a substratum (Fig. 5, c and d) .
The inability of cor-cells to divide properly under axenic conditions points to a role of coronin in cell division and illustrates that various, probably independent, actin-based mechanisms are involved in guaranteeing proper cytokinesis (Satterwhite and Pollard, 1992) . In conclusion, the defects in cell growth, locomotion, and cytokinesis show that coronin is involved in more than a single function of the actin system and suggest that the protein plays a role in the reorganization of this system.
